Acute resistance to low dose M. tuberculosis (Mtb) infection is not dependent on Toll-like receptor (TLR) 2. However, whether TLR2 contributes to resistance in chronic Mtb infection has remained uncertain. Here we report that, following low dose aerosol infection with Mtb, mice lacking TLR2 (TLR2KO), in comparison with wild type (WT) mice, exhibit enhanced cellular infiltration and inflammation in the lungs, and fail to stably control bacterial burden during chronic infection. IFNc and IL-17 was expressed at equivalent levels in the two groups; however, the characteristic accumulation of Foxp3 + T regulatory cells (Tregs) in pulmonary granulomas was significantly reduced in TLR2KO mice. Nonetheless, this reduction in Tregs was independent of whether Tregs expressed TLR2 or not. To directly link the reduced number of Tregs to the increased inflammation present in the TLR2KO mice, we used a macrophage adoptive transfer model. At seven weeks post-Mtb infection, TLR2KO mice, which were adoptively transferred with WT macrophages, displayed enhanced accumulation of Tregs in the lungs and a concomitant reduction in inflammation in contrast with control mice that received TLR2KO macrophages. However, the pulmonary bacterial burden between the two groups remained similar indicating that TLR2's role in modulating immunopathology is functionally distinct from its role in restricting Mtb growth in chronic infection. Together, these findings unequivocally demonstrate that TLR2 contributes to host resistance against chronic Mtb infection and reveal a novel role for TLR2 in mediating the recruitment of Foxp3 + Tregs to the lungs to control inflammation.
Introduction
Mtb expresses a large diversity of TLR2 ligands, including several types of lipoproteins and glycolipids, and also a trehalose dimycolate [1] [2] [3] . Interaction of these ligands with TLR2 expressed on macrophages and dendritic cells has multiple downstream effects. Several studies have reported that Mtbderived TLR2 ligands produce a pro-inflammatory response [4] [5] [6] , and consistent with these findings, mice deficient in TLR2 have diminished IL-17 response [7] . TLR2 signaling also induces direct antimicrobial activity in Mtb-infected human macrophages [8] by vitamin D3-dependent up-regulation of anti-microbial peptides [9] . Additionally, TLR2 signaling leads to suppressive effects on the functions of antigen-presenting cells (APCs). For example, TLR2 signaling in APCs induces IL-10 secretion [10] and prolonged signaling inhibits MHC class II expression [11, 12] , antigen processing [3, 13] , and IFNc responsiveness [14] .
Despite the extensive remodeling of macrophage functions following TLR2 signaling, TLR2-deficient mice are able to resist acute Mtb infection [15] [16] [17] and develop an appropriate secondary immune response [18] following a low dose aerosol infection. However, TLR2-deficient mice infected with a high dose of Mtb are more susceptible than WT to chronic infection and display an exaggerated immune inflammatory response, characterized by pneumonitis and enhanced cellular infiltration [15, 17] . These findings implicate a potential role for TLR2 in controlling inflammation during chronic infection.
Risk of developing tuberculosis has been shown to be associated with polymorphisms within the TLR2 gene, particularly within the TIR domain [19] [20] [21] . Analysis of a polymorphic guanine-thymine (GT) repeat located upstream of the TLR2 translational start site correlated shorter GT repeats with development of tuberculosis (TB) and lower TLR2 expression [22] . In addition, a TLR1 transmembrane domain polymorphism was shown to regulate the innate immune response to triacylated lipopeptides as well as extracts of mycobacteria [23] . Although the mechanism behind how these polymorphisms affect the immune response to Mtb is unclear, these correlations suggest an important role for TLR2 in host defense against Mtb. The aim of this study was to identify the mechanism by which TLR2 signals control inflammation and contribute to host resistance against Mtb. Here, we report that TLR2 functions in protection against chronic Mtb infection by keeping bacterial replication in check and limiting inflammation through recruitment of Foxp3 + Tregs to the lungs.
Results

Long term control of Mtb infection is compromised in the absence of TLR2
We first evaluated the role of TLR2 in host resistance against chronic Mtb infection. WT and TLR2KO mice were aerosolinfected with approximately 100 CFU of Mtb and disease progression was monitored for 15 weeks. As shown in Figure 1A , TLR2KO mice exhibited a significantly increased bacterial burden at weeks 7 and 10, and, by week 12, there was more than a log increase in bacterial burden in the TLR2KO mice as compared with WT. Beginning at 10 weeks following infection, the TLR2KO mice also began to succumb to infection. The WT mice, as expected, were able to control infection and maintain a steady bacterial load. A repeat experiment using a similar infectious dose of Mtb (around 150 CFU) demonstrated consistent findings (Fig. 1B) .
Previous studies have indicated that the magnitude of the immune response leading to control of Mtb infection can be dependent on infectious dose [24] . To ensure that the reduced resistance of TLR2KO mice was not dependent on Mtb inoculum size, disease progression in response to a very low inoculum was also followed. During aerosol infection with a low dose of Mtb (approximately 10 CFU), TLR2KO mice again demonstrated a log increase in pulmonary bacterial burden, although increased morbidity was not observed until around 18 weeks post-infection, at which point the difference in bacterial burden between WT and TLR2KO mice was around 2 logs (Fig. 1C) . Consistent with the differences observed in bacterial loads, acid-fast staining of infected lung tissue demonstrated increased bacilli within lung macrophages in the TLR2KO mice (S1A). The absence of TLR2 did not affect Mtb dissemination and replication outside of the lung since differences were not observed in the spleen (S1B).
Disrupted pulmonary granuloma architecture during chronic Mtb infection in the absence of TLR2
The development of pulmonary pathology in H&E stained sections of infected TLR2KO and WT mice was next characterized (Figure 1, D-I) . The murine granulomatous lesion is a collection of peripheral lymphocytic aggregates with B cell follicles juxtaposing areas with macrophages and other inflammatory cells types. These lesions lack the heterogeneity exhibited by human granulomas; although the granulomatous reaction is progressive, necrosis is not exhibited until an exorbitant bacillary load is achieved, and caseous necrosis and cavitation do not occur in C57BL/6 mice [25] . At 4 weeks post-infection, tissue architecture was similar between both groups, with distinct areas of granulomatous cellular infiltration (arrows) surrounded by unaffected lung areas apparent in WT and TLR2KO (Figure 1, D and E) . As infection progressed, the granuloma architecture in the TLR2KO began to deviate from what is normally observed in WT mice. At 7 weeks post-infection, WT mice developed typical compact granulomatous lesions (arrow) containing macrophages and lymphocytic infiltrates ( Figure 1F ). In comparison, lungs of the TLR2KO mice exhibited increased inflammation with disrupted granuloma architecture ( Figure 1G ). Similarly, during the chronic stage at 12 weeks post-infection, the characteristic granulomatous structure of macrophages and densely compact lymphocytes was apparent in the WT lungs ( Figure 1H ) while extensive cellular infiltration and markedly reduced alveolar spaces were observed in TLR2KO lungs (Figure 1 I) . The TLR2KO lungs displayed poorly formed granulomas, with loosely aggregated lymphocytes dispersed amongst macrophages (Figure 1 I) .
Overall, the TLR2KO mice exhibited an early inflammatory response to Mtb similar to WT. However, as the infection progressed towards the chronic stage, the granuloma architecture in the WT lungs stabilized, while the TLR2KO lungs became consolidated with infiltrates which disrupted the granuloma morphology and progressively spread to comprise a majority of the lungs. These data confirm and extend the findings reported by Drennan and colleagues [17] that Mtb infection of TLR2KO mice leads to an exaggerated inflammatory response in the lungs.
Flow cytometric analysis of the cell surface markers CD11c, CD11b, and Gr-1 demonstrated significant increases in the numbers of CD11c 2 CD11b
+ recruited macrophages, CD11c
+
CD11b
+ myeloid DCs, CD11c + CD11b 2 alveolar macrophages, and Gr-1 hi CD11b + neutrophils infiltrating the lungs at a late stage of infection (10 and 13 weeks) ( Figure S2B ). Differences in NK1.1 + NK cells and CD19 + B cells were not observed (data not shown). Overall, these observations of increased recruitment of inflammatory cells to the lungs in the absence of TLR2 are consistent with the severe inflammatory lung pathology in TLR2KO mice during late stages of infection.
Decreased CD4
+ Foxp3 + regulatory T cells in the lungs during Mtb infection in the absence of TLR2
The enhanced inflammatory response in the lungs of Mtb infected TLR2KO mice led to the hypothesis that a regulatory T cell population may be lacking in the absence of TLR2. Natural Foxp3-expressing regulatory T cells (natTregs) are present in Mtb granulomas [26] . Therefore, the presence of natTregs in the lungs based on expression of Foxp3 was investigated. Lungs were harvested at the indicated time points post-infection, and flow cytometric analysis was performed to determine the percentage of Foxp3 + cells out of the CD4 + T cell population ( Figure S3 ). The percentage of CD4 + cells expressing Foxp3 in the lungs was similar between WT and TLR2KO mice prior to Mtb infection. However, following infection, the TLR2KO mice displayed decreased frequencies of Foxp3 + Tregs in the lungs compared to WT (Figure 2A + and CD8 + T cell numbers in TLR2KO mice were similar to WT at 7 weeks following infection ( Figure S2A ), a time when the percentage of Treg cells was lower in TLR2KO. This supports that the decreased percentage of Tregs in TLR2KO mice is not merely due to the greater expansion of T effector cells.
However, total cell numbers and T cell numbers continually increased over time in TLR2KO mice, while they stabilized in WT mice ( Figure S2A ). Therefore, we further investigated differences in Figure 2C ) and TLR2KO lung lesions ( Figure 2F ) by immunochemistry showed accumulation of high numbers of Foxp3 + cells in lesions of WT mice ( Figure 2D ). In contrast, very few Foxp3 + cells were observed in the affected areas of the lungs of TLR2KO mice at this time point ( Figure 2G ). Individual Foxp3 + cells or small clusters of Foxp3 + cells were dispersed randomly in TLR2KO lungs ( Figure 2H ), although they were not aggregated to the same extent as in WT ( Figure 2E ). Together, these findings show that TLR2 signals are necessary for the accumulation of regulatory T cells in the lungs during Mtb infection.
Other studies using murine models of Mtb infection have demonstrated that depletion of CD4 + CD25
+
Foxp3
+ natTregs or the complete absence of this population results in increased frequencies of IFNc-producing CD4 + effector T cells [27, 28] . Given the importance of IFNc in the protective immune response against Mtb, the possibility that decreased frequencies of Foxp3 + Tregs in the lungs of TLR2KO mice may correlate to enhanced Th1 responses was investigated. ELISPOT assay was performed with cells isolated from the lungs during chronic stages of infection and re-stimulated with Mtb-pulsed bone marrow-derived DCs serving as APCs. As shown in Figure 3A , there were no differences in the numbers of Mtb-specific IFNc secreting cells in the lungs of WT and TLR2KO mice. Further, the decreased accumulation of Foxp3 + Tregs did not correlate to enhanced IL-17 gene expression, as there were no significant differences in IL-17 gene expression between WT and TLR2KO lungs ( Figure 3B ). Overall, these results indicate that the decreased accumulation of Foxp3 
TLR2 signaling on CD4
+ Foxp3 + T
cells is not required for their recruitment to the lungs during Mtb infection
It has been reported that TLR2 signaling on natTregs promotes their expansion and survival [29] [30] [31] . Therefore, the decreased number of Foxp3 + CD4 + cells observed in the lungs of TLR2KO mice could result from decreased expansion of this population in peripheral lymphoid organs. To address this, the levels of Foxp3 + Tregs in the spleens were monitored following Mtb infection. Consistent with a previous report [32] , decreased Foxp3 + CD4 + cells were observed in the spleens of naïve TLR2KO mice as compared to WT levels. However, during Mtb infection this difference was no longer observed ( Figure 2B ), suggesting that differences in peripheral expansion of Foxp3 + Tregs between WT and TLR2KO mice do not account for the decreased frequencies of these cells in the lungs in the absence of TLR2.
Given the possibility that TLR2 signals are important for natTreg survival, we determined if reconstitution of TLR2KO 
CD4
+ cells at 6 and 10 weeks postinfection indicated that the transfer of WT Tregs did not increase the frequency of this population in the lungs of TLR2KO mice, which were significantly lower than WT controls at 6 weeks ( Figure 4A ). Consistent with this, total pulmonary cell numbers at 10 weeks were significantly increased in both recipient and nonrecipient TLR2KO as opposed to WT controls ( Figure 4B ). Also, the transfer of Foxp3 + Tregs did not affect bacterial burden in the lungs. Total CFU in the lungs was increased by 1 log in the TLR2KO groups at both 6 and 10 weeks, although this increase was only significant at 6 weeks within the non-recipient group ( Figure 4C ). Together, these data demonstrate that the transfer of WT Foxp3
+ Tregs failed to restore Treg numbers to WT levels in the lungs of TLR2KO hosts.
To definitively address whether the absence of TLR2 on natTregs is responsible for their decreased accumulation in the lungs of Mtb-infected TLR2KO mice, an adoptive transfer model using T cell-deficient Rag2 2/2 mice was used (described in Figure  S5A Figure  5B and 5C, respectively. Equivalent numbers of CD4 + cells were recruited to the lungs in the two groups of mice at both 4 and 9 weeks post-infection ( Figure 5A ). Similarly, analysis of the Treg and Tconv populations out of the CD4 + cells showed that both groups had similar frequencies of these populations in the lungs ( Figure 5A ). Therefore, accumulation of Tregs in Group I mice that received TLR2KO CD4 + CD25 + T cells was similar to that of Group II mice that had received WT CD4
+ T cells. Analysis in the spleens showed a similar result as in the lungs, with no differences observed in CD4 + cell numbers or in the frequencies of Tregs between the two groups ( Figure 5B ).
Immunohistochemistry for Foxp3
+ cells also demonstrated that Foxp3 + Tregs could be detected in the lungs in both groups ( Figure 5C ). Consistent with the equivalent Treg/Tconv frequencies observed, Mtb growth kinetics in the lungs were comparable in both groups of mice ( Figure 5D ). Further flow cytometric analysis of the CD45.1 and CD45.2 populations in the lungs and spleen ( Figure S5D -G) of the two groups of mice demonstrated that, in both groups, Foxp3 expression was retained at a similar level and was limited to the congenic marker of the original CD4 + CD25 + injected population. These findings confirm that the Tregs which accumulated in the lungs of Group I originated from the TLR2KO CD4 + CD25 + T cells injected and were not due to conversion of the injected WT CD4 +
CD25
2 population. It is important to note that the immunoregulatory functions of B cells [33] are lacking in the reconstituted Rag2 2/2 mice. Nonetheless, the findings from this experiment demonstrate that TLR2 signaling on CD4
+
Foxp3
+ Tregs is not necessary for their expansion and subsequent recruitment into Mtb-infected lungs. + cells were observed in the affected areas of the lungs of TLR2KORTLR2KO mice ( Figure 7D ). In the latter group, the sparsely recruited Foxp3
+ cells were mainly observed in perivascular and peribronchiolar regions ( Figure 7D ). No background was observed in serial sections stained with isotype control (Figure 7B and E). Consistent with higher Foxp3
+ Treg cell accumulation, WTRTLR2KO mice exhibited significantly less cellular infiltration than the TLR2KORTLR2KO mice ( Figure 6C ). Histopathological evaluation of lung tissue revealed that the characteristic granulomatous structure with compact aggregation of cells observed in WT mice was restored in the WT RTLR2KO mice ( Figure 7C ), while lung tissue from the TLR2KORTLR2KO mice exhibited loosely aggregated lymphocytes and increased inflammation ( Figure 7F ) with a significantly greater area of lung involvement as expected in a TLR2KO host ( Figure 6D ). While WTRTLR2KO mice exhibited improved Treg accumulation and decreased inflammatory pathology, the bacterial burden in the lungs ( Figure 6E ) and spleen ( Figure 6F ) was similar in both groups, indicating that the role of TLR2 in controlling bacterial burden may be distinct from its role in controlling inflammation. Overall, these findings indicate that TLR2 signaling from macrophages promotes Treg recruitment to the lungs and decreases inflammatory pathology during Mtb infection.
Discussion
In this study, we conclusively demonstrate that Mtb infection in the absence of TLR2 results in poorly formed granulomas, progressive pulmonary pathology, and increased lung bacterial burden during chronic infection. Our data also indicate that Treg dysfunction may, in part, underlie the immune pathogenesis observed in the lungs of TLR2KO mice. Moreover, we have demonstrated that transfer of WT macrophages significantly enhanced the accumulation of Foxp3 + Tregs within pulmonary granulomatous lesions in TLR2KO mice and concomitantly alleviated pulmonary inflammation. This clearly establishes a causal role for Tregs in controlling the immunopathology of TB. Finally, our data that bacterial burden in the lungs of TLR2KO was not affected by the transfer of WT macrophages suggests that the immunoregulatory function of TLR2 can be uncoupled from its antibacterial function. TLR2 ligation activates a multitude of MAPK signaling pathways [34] ; it is likely that these distinct pathways regulate the dual functions of TLR2 in chronic infection.
The finding that Tregs expand independently of direct TLR2 signals was surprising given the evidence that TLR2 ligation on Foxp3 + Tregs enhances their proliferation and survival [29] [30] [31] . These prior reports, however, investigated the effects of TLR2 signaling on Tregs through direct ligation by synthetic TLR2 ligands, not in the context of TLR2 signaling that may occur during an infection. Our study demonstrates that, during Mtb infection, TLR2 signaling on Tregs does not significantly contribute to the expansion and recruitment of Tregs to sites of infection. Instead, TLR2 activation on myeloid cells is necessary to induce the accumulation of Tregs in the lungs. The precise mechanism by which myeloid cells contribute to Treg accumulation remains to be determined, but it is likely dependent on the initiation of an appropriate chemokine axis in the microenvironment of the granuloma. For example, Tregs express the chemokine receptor CCR4 and are highly chemotactic towards its ligands, macrophage-derived chemokine (MDC/CCL22) and thymus and activation regulated chemokine (TARC/CCL17) [35, 36] . While the secretion of CCL22 and CCL17 has been implicated in Treg recruitment to the tumor microenvironment in several studies [37] [38] [39] [40] [41] , the role of these chemokines in the recruitment of Tregs to inflammatory sites during Mtb infection has yet to be addressed. It has also been shown that a subset of + Tregs expressing the Th1 transcription factor T-bet as well as the chemokine receptor driven by T-bet, CXCR3, accumulate at sites of Th1-mediated inflammation [42] . Therefore, a deficiency in any of the IFNc-inducible CXCR3 ligands may affect Treg recruitment to Mtb granulomas. It is also possible that activation of TLR2 on macrophages may be important for supporting Treg proliferation and maintenance in the lung following recruitment. Future experiments using specific antibodies and gene-deficient mice are necessary to analyze these various possibilities.
Mycobacterial lipids, including TLR2 ligands such as LpqH, are released from Mtb-infected macrophages via exocytosis [43, 44] . Also, Mtb releases membrane vesicles within macrophages that stimulate cytokine and chemokine release in a TLR2-dependent fashion [45] . Therefore, it is conceivable that during chronic infection, Mtb-derived TLR2 ligands are released into the granuloma microenvironment where they can interact with macrophages and perhaps dendritic cells to initiate the chemokine axis required to direct Tregs towards areas of granulomatous inflammation in the lungs and, subsequently, into the granuloma. Our findings indicate that Tregs are necessary to control granulomatous inflammation and maintain a stable granuloma.
However, other studies found that natTregs undergo expansion in the blood and at disease sites, and their removal from circulation improved cytokine production from T cells [46] [47] [48] . Also, Tregs were shown to delay Th1 cell activation in the murine model [49] . Together, these data suggest that the temporal removal of Tregs may be beneficial to the host in enhancing a protective immune response, but, because of the persistent nature of Mtb, it is critical that sufficient numbers of Tregs are recruited to the lungs to mitigate immunopathology. This idea is supported by studies in non-human primates which found that higher frequencies of Tregs correlated to the development of latent TB over active TB disease [50] and that Tregs and Teffector cells acted together to control inflammation without enhancing Mtb replication [51] .
The current findings that TLR2 is required for controlling chronic Mtb infection support and extend a previous study [17] . However, these results contradict studies by Holscher and colleagues who reported that TLR2/4 double-and TLR2/4/9 triple-deficient mice are able to efficiently control low dose aerosol infection with Mtb [52, 53] . Reasons for these variable outcomes to Mtb infection are not clear, but they could be related to different experimental conditions, dose of infection, Mtb strain, or perhaps to differences in commensal microbiota. A recent study by Iwasaki and colleagues [54] showed that gut microbiota, critical for maintaining immune homeostasis in the gut mucosa [55, 56] , can also influence immunity to infection at a distant site, such as the respiratory mucosa. The authors demonstrated that the commensal microbiota were required for optimal activation of the adaptive immune response against influenza virus infection by providing signal 1 for the expression of mRNA for pro-IL-1b and pro-IL-18 at steady state. This requirement for intact commensal bacteria to generate an appropriate adaptive immune response was found to be restricted to pathogens that are dependent on inflammasomes for immune cell priming, and not to all respiratory pathogens. For example, T cell and B cell responses to Legionella pneumophila were not affected in antibiotic-treated animals. Given that NLP3 inflammasome activation is linked to exacerbated pathology in the lungs of Mtb-infected mice [57] , it is possible that microbiota may differentially influence the outcome of Mtb infection in mice bred at different facilities. Our finding that the transfer of WT macrophages restores Treg accumulation and results in improved control of inflammation in TLR2KO mice reduces the likelihood that our observations were influenced by differences in the microbiota of WT and TLR2KO mice that were bred at different sites. Nevertheless, it does not rule out the possibility that differences in microbiota could be a contributing factor to the discrepant results seen between our studies and those of Holcher and colleagues [52] . Depending on the composition of the microbiota, the steady state expression of pro-IL-1b and IL-18 may vary, thus necessitating differences in the requirement of regulatory components to control pulmonary inflammation during Mtb infection. This is an area rich for future investigations.
There are several possible pathways that may be activated by Tregs to prevent immunopathology and associated tissue damage. There is now accumulating evidence to indicate that beyond its anti-microbial function, IFNc also limits immunopathology in Mtb-infected hosts. IFNc down-modulates IL-17 production and the subsequent accumulation of pathogenic neutrophils [57] . IFNc signalingalso dampens the production of the pro-inflammatory cytokines, IL-1a and IL-1b, from myeloid cells [58] , via NOS2-mediated inhibition of assembly and activation of the NLRP3 inflammasome [59] . Conspicuous B cell aggregates with characteristic germinal center features are present in the lungs of Mtbinfected mice [60] and emerging evidence indicates a regulatory role for these cells during Mtb infection. Mtb-infected mice deficient in B cells display an exaggerated immunopathology associated with enhanced neutrophil recruitment to the lungs [33] . The enhanced inflammation observed in the TLR2KO mice in our study, however, was not associated with alterations in IFNcsecreting cells, IL-17 gene expression, or B cell numbers during chronic infection. Despite this, the increased mononuclear cell infiltration suggests that Tregs may function to restrain the influx of monocytes and neutrophils to the lung. Although neutrophils provide protection during acute infection [61] , their presence in the lung in chronic infection is associated with pathology ( [62] and reviewed in [63] ). Thus, by controlling neutrophil recruitment, Tregs may limit inflammation and pulmonary pathology. Also, it is possible that by regulating cellular recruitment, Tregs serve to limit the availability of intracellular niches for Mtb to replicate. Indeed, inhibition of recruitment of new macrophages to the granuloma reduces Mtb numbers in the lung [64, 65] . Although we have delineated that TLR2 controls Mtb growth and inflammation via distinct mechanisms, it is possible that an interplay could exist between the two mechanisms. Future studies will address whether the increased bacterial burden observed in TLR2KO hosts is due to the absence of TLR2-mediated antimicrobial activity within the granuloma or as a consequence of the enhanced inflammation. In sum, our study supports that the TLR2/Treg axis is one of several regulatory circuits that are activated during chronic Mtb infection to safeguard the host against exaggerated inflammation and damage induced by the persistence of Mtb in the lungs.
Materials and Methods
Ethics statement
All animal experiments described in this study conform with the UMDNJ Newark IACUC Guidelines, NIH and USDA policies on the care and use of animals in research and teaching, and the policies of the Guide for the Care and the Use of Laboratory Animals. Animal protocols used in this study were approved by the UMDNJ Institutional Animal Care and Use Committee. (Assurance number A3158-01). Every effort to eliminate animal pain and distress through the use of anesthesia, analgesics or tranquilizers was made.
Mice
C57Bl/6 mice and B6-Ly5.2 congenic mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Rag-2-deficient (Rag2 2/2 ) mice were purchased from Taconic Farms, Inc. TLR2-deficient (TLR2KO) mice were developed by S. Akira and colleagues [66] . TLR2KO mice were bred and maintained under pathogen-free conditions at the transgenic animal facility at the UMDNJ-NJMS. M. tuberculosis-infected mice were housed in the BSL3 facility at the Public Health Research Institute at UMDNJ-NJMS. Animal protocols used in this study were approved by the UMDNJ Institutional Animal Care and Use Committee.
Mouse aerosol infections
The virulent Erdman strain (Trudeau Institute, Saranac Lake, NY) of M. tuberculosis was used for all infections. Bacterial stocks were generated by initial passage in C57Bl/6 mice. Bacterial colonies obtained from lung homogenates were grown in 7H9 media until mid-log phase, and the culture was stored in aliquots at 280uC. The stock titer was determined by plating 10-fold serial dilutions on Middlebrook 7H11 selective medium (Difco). Female mice (age 6-8 weeks) were infected via the respiratory route using a closed-air aerosolization system from In-TOX Products or the Inhalation exposure System from Glas-Col. Mice were exposed for 20 minutes to nebulized bacteria at a density optimized to deliver a standard low dose of around 100 CFU (unless otherwise indicated). For all infections, the actual infection dose was determined by plating total lung homogenates from a minimum of 2 mice on Middlebrook 7H11 plates at 24 hours after aerosol exposure.
Analysis of tissues
Lungs and spleens were harvested at indicated time points post infection. The right superior lobe of the lung was used for determining bacterial burden. The right lower lobe was reserved for histological studies. The right middle lobe was reserved for protein determination. The postcaval lobe was reserved for tissue gene expression. The remaining lung tissue was cut into small pieces and digested with 2 mg/ml collagenase D (Roche) for 30 minutes at 37uC. The digestion was stopped by adding 10 mM EDTA. The digested tissue was forced through a 40 mm cell strainer (BD Falcon) to obtain single cell suspensions. Spleen tissues were processed similarly, but without collagenase digestion. Red blood cells were lysed using ACK lysing buffer (Quality Biological, Inc). The number of viable cells obtained per tissue was determined by trypan blue dye exclusion.
Determination of bacterial burden
Lung tissue was homogenized in PBS containing 0.05% Tween-80. Total CFU per lung was determined by plating 10-fold serial dilutions on Middlebrook 7H11 plates. CFU were counted after 21 days of incubation at 37uC.
Histopathology and immunohistochemistry
Lung tissue was fixed in 4% paraformaldehyde in PBS for four days, followed by paraffin embedding. For histopathological analysis, five to seven micrometer sections were cut and stained using a standard H&E protocol. For visualization of acid-fast bacilli, tissue sections were stained using the Ziehl-Neelsen method.
For immunohistochemical detection of Foxp3 + cells, tissue samples were de-paraffinized with xylene and rehydrated with ethanol gradations and water. The samples were subjected to heatinduced antigen retrieval by microwave warming using 10 mM citrate buffer (pH 6.0). Endogenous peroxidase activity was blocked using 0.3% hydrogen peroxide and then subsequently blocked with 16 PowerBlock (BioGenex). PBS containing 0.05% Tween-20 was used to wash tissues in between steps. For each sample, serial sections were incubated with the primary antimouse/rat Foxp3 antibody (clone FJK-16s; eBioscience) at a 1:250 dilution or with isotype control (BioLegend) at the same concentration. Sections were subsequently incubated with biotinylated secondary antibody (1:100 Vector Laboratories). Streptavidin horseradish peroxidase (BioGenex) was used to label the secondary antibody for immunodetection by DAB chromogen (BioGenex). After counterstaining with Mayer's hematoxylin (BioGenex), the samples were dehydrated with ethanol gradations, dipped in xylene, and mounted using Permount (Fisher Scientific).
For quantitation of involved lung area, photomicrographs of H&E stained lung sections were captured using a 56 objective lens. A 546 point grid overlay was superimposed onto each image using Image-Pro Discovery Software, and the numbers of points hitting areas of granulomatous infiltration were counted. The percentage of affected lung tissue was calculated as number of involved points/total points per section 6100.
Flow cytometry
Single cell suspensions were stained at saturating conditions using specific monoclonal antibodies. All mAbs were directly conjugated to one of the following fluorochromes: Alexa Fluor 488, FITC, PE, PerCpCy5.5, PE-Cy7, APC, or Alexa Fluor700. Isotype controls were included for each. The following mAbs were used in the studies: CD4 (clone RM4-5), CD8 (clone 53-6.7), Foxp3 (clone FJK-16s), CD11c (clone HL3), CD11b (clone M1/ 70), Gr-1 (Ly-6G and Ly-6C; clone RB6-8C5), CD45.1 (clone A20), CD45.2 (clone 104). Abs to Foxp3, CD45.1, and CD45.2 was purchased from eBioscience. The remaining Abs were purchased from BD Biosciences. For surface staining, cells were re-suspended in FACS buffer (16 PBS +2% fetal calf serum and 0.09% sodium azide) containing a cocktail of mAbs against proteins of interest. For Foxp3 staining, surface staining was performed, followed by fixation, permeabilization, and intracellular staining of Foxp3 according to the manufacturer's protocol (Ebioscience). Following surface or intracytoplasmic staining, samples were fixed in 4% paraformaldehyde for 30 minutes and then acquired on a FACSCalibur or LSRII (BD Biosciences). Analysis was performed using FlowJo software (Tree Star, Inc.). Gating was based on isotype controls.
ELISPOT assay
ELISPOT assay to detect the frequency of Mtb-specific IFNc producing cells was performed as described previously [67] . 96-well MultiScreen HTS filter plates (Millipore) were coated with 8 mg/ml anti-IFNc antibody (clone R4-6A2, BD Biosciences). Single cell suspensions from lungs were seeded at 0. 
Preparation of bone marrow-derived dendritic cells
Bone marrow-derived dendritic cells (BMDCs) were prepared as described previously [68] . Briefly, bone marrow cells were flushed from the femurs and tibiae of mice with PBS containing penicillin and streptomycin (100 U/ml each). Red blood cell lysis was performed using ACK lysing buffer. 2610 6 bone marrow cells were seeded into 10 cm Petri dishes in 10 ml RPMI-1640 media (Mediatech, Inc.) containing 10% defined FBS (HyClone Laboratories, Logan, UT) and supplemented with penicillin (100 U/ ml), streptomycin (100 mg/ml), glutamine (2 mM), b-ME (50 mM), and 10% conditioned medium from murine GM-CSF-secreting X63 cells. On Day 3, an additional 10-ml complete medium containing GM-CSF was added to the cultures. On Day 6, the cultures were fed by changing fifty percent of the culture medium. Non-adherent cells were harvested on day 8. 
Adoptive transfer into Rag2
RNA isolation and real-time PCR
Lung lobes were homogenized in 1 ml of TRIzol reagent in lysing matrix D tubes (MP Biomedicals) using a FastPrep homogenizer (MP Biomedicals). Samples were immediately stored at 280uC following lysis in TRIzol. Total RNA was extracted via the manufacturer's TRIzol/chloroform method and purified using RNeasy columns (Qiagen). Total RNA was reverse transcribed using Superscript II RT (Invitrogen). Real-time PCR was performed using the Mx3000P system (Stratagene). TaqMan gene expression assay (Applied Biosystems) for IL-17A and b-actin were used to determine relative IL-17 expression. Relative gene expression was determined by the DDCt calculation t , where DCt = Ct (gene of interest) -Ct (normalizer = b-actin) and the DDCt = DCt (sample) -DCt (calibrator). Total RNA from uninfected lungs was used as calibrator. Baseline gene expression from uninfected WT and TLR2KO was equivalent.
Adoptive transfer of macrophages
Peritoneal exudate macrophages (PEM) were prepared and adoptively transferred as described previously [69] . Briefly, PEM from WT and TLR2KO mice (5 mice/group) were elicited by intra-peritoneal injection of 2 mls of sterile thioglycollate broth 5 days before peritoneal lavage. PEM from each group of mice were pooled and TLR2KO mice received 2.5610 6 WT or TLR2KO macrophages via the intra-tracheal route. One day after transfer, recipient mice were infected with a low dose aerosol of Mtb. 
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